We investigated the role of the autophagy protein, Beclin1, in the replication and disease of Zika virus 26 (ZIKV) in pregnant dams and their offspring using Beclin1-deficient (Atg6 +/-) and wild-type (Atg6 +/+ ) 27 mouse model infected with the Honduran (R103451), Puerto Rican (PRVABC59), and the Uganda 28 (MR766) strains of ZIKV. Pregnant dams infected subcutaneously at embryonic stage (E)9 showed 29 viral RNA in serum harvested at E13 and in various organs removed postmortem at E17.
INTRODUCTION 6
Hematoxylin & Eosin 148 After three weeks of age, pups were sacrificed, and brain tissues removed postmortem were 149 embedded in optimal cutting temperature (OCT) compound. Cryostat sectioned slices of 5-micron 150 thickness were stained with hematoxylin and eosin (H&E) as described previously (16) . Images were 151 acquired using an inverted fluorescence microscope with a 560 Axiovision camera and 20X and 40X 152 objectives (Zeiss, Germany).
154
Murine mixed glial cell culture 155 For primary murine glial culture, postnatal day 4-6 (P4-P6) Atg6 +/and Atg6 +/+ littermates were 156 separated according to phenotypic coat color and sacrificed according to IACUC guidelines as 157 described previously (17, 18) . Cells seeded in 6 well plates were infected with ZIKV at MOI of 0.1 158 or treated with ZIKV envelope (E) and the non-structural protein (NS)-1 proteins. Viral proteins were Immunohistochemistry 182 ZIKV infectivity was measured by fluorescent immunolabeling as described by Ojha et al. (13) . 183 Briefly, cells and brain tissue sections were fixed in 4% paraformaldehyde, permeabilized with 0.1% 184 Triton X-100, and blocked in 10% milk/0.1% goat serum. Sections were immunolabeled with the 185 neuronal marker, mouse anti-MAP2 (microtubules associated protein 2) antibody (Cat. MAB378,
186
Millipore, Boston, MA, USA), anti-ZIKV-E antibody (Cat. GTX133314) and anti-ZIKV-NS1 187 antibody (Cat. GTX133307, Genetex, CA, USA Results are reported as mean ± SEM of 3-5 independent experiments. Data were analyzed using 207 analysis of variance (ANOVA) followed by the post hoc test for multiple comparisons (GraphPad 208 Software, Inc., La Jolla, CA, USA). An alpha level (p-value) of < 0.05 was considered significant. 
RESULTS

211
Pregnant Atg6 +/+ and Atg6 +/dams transiently immunosuppressed are susceptible to ZIKV infection. 212 We explored the role of Beclin1 in ZIKV infection and disease using timed-pregnant Beclin1 213 deficient (Atg6 +/-) and wild-type (Atg6 +/+ ) mice model. For the in vivo studies, genotype of each 214 animal strain was confirmed by PCR (15) followed by detection of protein expression levels by 215 8 western blotting (Figure 1 ). Representative immunoblots confirmed a decrease in Beclin1 and LC3-II 216 expression levels and increased in p62/SQSTM1 levels in tissues extracted from Atg6 +/mice when 217 compared to Atg6 +/+ mice ( Fig. 1A and B ). For ZIKV infection, pregnant dams received anti- litter, approximately 50% of the pups delivered are heterozygous for the beclin1 gene (Atg6 +/-).
232
These animals have an agouti coat color which is believed to be a result of the effect of the Becn1 233 mutation on melanogenesis. 25% of the pups delivered are homozygous for the beclin1 gene 234 (Atg6 +/+ ) with a black coat color, while homozygous deletion of the targeted allele results in 235 embryonic lethality (~25%). Litter numbers ranged between 5 to 7 pups for Atg6 +/and between 6 to 9 236 pups for Atg6 +/+ per litter. Linear regression models (based on weight change from day (0) 237 demonstrated that maternal weight gain at day 11 was a significant predictor of litter size ( Fig. 1E ).
238
At E17 (8 days post-infection), maternal placenta and other organs removed postmortem from Atg6 +/+ 239 and Atg6 +/dams, showed a high level of viral RNA in the placenta, followed by the spleen, liver, 240 heart and the lowest titer was detected in the brain, irrespective of mice strain. The low level of viral 241 RNA detected in the brain is indicative that ZIKV can cross the blood brain barrier (Fig. 1F) . The 242 survival rates in pregnant dams' post-infection with ZIKV was also monitored for the duration of 243 gestation and showed no significant differences between mock (PBS) and ZIKV-R103451 infected 244 Atg6 +/+ dams when compared to similar treated Atg6 +/dams ( Fig. 1G ). On the contrary, increased 245 fatality was observed in animals infected with ZIKV-MR766 and to lesser extend in Atg6 +/dams 246 infected with ZIKV-PRVABC59 ( Fig. 1G ). Despite the high mortality rate detected in dams infected 247 with ZIKV-MR766 when compared to dams infected with ZIKV-R103451, similar levels of viral 248 RNA were detected in serum and organs recovered at E17, suggesting that different viral isolates 249 9 exhibit different pathogenicity. Because of the high mortality among dams infected with ZIKV-250 MR766, we sought to confirm whether the observed mortality was caused by ZIKV or because of 251 animal strain. Infection using AG129 mice lacking receptors for both Type I and Type 2 IFN, infected 252 with increasing doses (10 1 , 10 2 , 10 3 and 10 4 PFU/ml) of ZIKV-MR766 showed an infection-dose 253 dependent decrease in survival rate of the mice, confirming that mortality was probably due to viral 254 infection and not necessarily due to mouse genotype. (Fig. 1H) . Overall, the data shows significant 255 infection throughout gestation in both Beclin1 (Atg6 +/-) deficient and wild-type (Atg6 +/+ ) pregnant 256 dams infected with three different strains of virus. The data also shows that among the three isolates,
257
ZIKV-MR766 is more lethal irrespective of mouse genotype.
259
Growth impairment in pups exposed to ZIKV-R103451 in utero 260 Subcutaneous infections in pregnant dams with ZIKV on E9 and embryo harvested after eight days on 261 E17 showed the vertical transmission of ZIKV from the placenta to the fetus ( Fig. 2A ). It is 262 important to note that at E17, a period of neurogenesis, no noticeable growth abnormality was 263 observed in fetuses, irrespective of animal strains or viral phylogeny (data not shown). At E20-E21, 264 pups born to mock (PBS) and ZIKV-infected Atg6 +/+ and Atg6 +/dams were monitored for up to 21- Brain recovered from the small pups born to ZIKV-R103451-infected dams are labeled 3 and 4, while 281 brain recovered from the typical sized pups born to ZIKV-R103451-infected dams are labeled 1 and 282 2. Brain recovered from the typical sized pups born to mock-infected dams are labeled 5-8. The 283 10 weight (in milligram) of each brain determined by a balance is represented in a bar graph ( Fig. 2E : 284 top) and in a chart ( Fig. 2E: bottom) . As expected, the smaller brains weigh less than the well-defined 285 brains. Except for one pup born to a ZIKV-PRVABC59-infected dam, no significant growth 286 abnormalities were measured in pups born to dams infected with ZIKV-PRVABC59 or ZIKV-287 MR766, irrespective of murine strains (data not shown). Overall, the data shows a growth 288 dysfunction in pups born to ZIKV-R103451 that was reflected in body weight, body length and brain 289 weight parameters. The impairment in body growth along with the abnormal brain morphology was 290 higher among pups born to Atg6 +/mice infected with ZIKV-R103451, suggesting a potential function 291 of Beclin1 in growth development.
293
Dysregulation of autophagy exacerbates the pathology in pups exposed to ZIKV-R103451 in utero 294 Potential causal factor(s) responsible for the growth impairment detected in pups born to ZIKV-295 R103451-infected Atg6 +/dams was further explored. After three weeks, pups born to ZIKV-infected 296 or mock-exposed dams were sacrificed and brains removed postmortem were snap-frozen in liquid 297 nitrogen for further use. Half of the brain hemisphere was used for ELISA and RT-PCR while the 298 other half of the brain was used for imaging analysis. Sections of the frontal cortex from brain 299 recovered postmortem in Atg6 +/pup were used for immunofluorescent imaging (Fig. 3A) ; similar 300 staining pattern were detected in sections closer to the center of the brain (data not shown). Although bottom) in brain tissues recovered from Atg6 +/pups born to ZIKV-infected dams. Brain tissues 305 recovered from Atg6 +/pups born to mock-exposed dams showed no fluorescent labeling with NS1 or 306 E antibodies ( Fig. 3A; top panels) . Microscopic appearance of brain stained with H&E showed no 307 visible sign of aberrant morphology of neurons in mock-exposed brain tissues removed postmortem 308 ( Fig. 3B; left panel) . In contrast, brain tissues recovered from Atg6 +/pups born to ZIKV-infected 309 dams showed signs of necrotic neurons with shrunken neuronal cell bodies ( Fig. 3B; right panel) . The 310 other half of the brain hemisphere was minced and used to measure the expression of autophagy-311 related genes and growth factors, crucial for neurodevelopment and homeostasis, by RT-PCR. The 312 insulin-like growth factor-1 (IGF-1), a polypeptide hormone with critical roles in regulating brain 313 plasticity mechanisms, was reduced by 8-fold in Atg6 +/pups born to ZIKV-infected dams when 314 compared to a 4-fold decrease in Atg6 +/+ pups born to ZIKV-infected dams (Fig. 3C ), suggesting a 315 potential link between IGF-1 and ZIKV-associated growth impairments. The transmembrane protein 316 74 (TMEM74), a novel autophagy-related protein, was upregulated by approximately 6-fold in Atg6 +/-317 pups born to ZIKV-infected dams. TMEM74-related autophagy is independent of BECN1/PI3KC3 318 complex, which may explain the reason this gene was more expressed in animals lacking the Beclin1 319 gene and also in the context of our animal model may not be linked to ZIKV exposure (20).
320
Additional genes involved in the autophagy machinery are also included in the graph, although no 321 significant differences were detected between Atg6 +/+ and Atg6 +/pups (Fig. 3C) . Expression levels 322 of several microcephaly-related genes previously linked to stillbirth, brain development, and 323 microcephaly in fetuses, were also measured by [21] [22] [23] . Gene expression levels of 324 MCPH1 and ASPM in brain tissues of Atg6 +/pups born to mock (PBS)-exposed dams were 325 significantly reduced when compared to Atg6 +/+ pups born to mock-exposed dams (Fig. 3D ; top 326 graphs); implying an important role of Beclin1 in growth development. Likewise, expression levels of 327 MCPH1, ASPM, CASC5 and WDR62 in brain tissues of Atg6 +/pups born to ZIKV-R103451 328 infected dams were significantly lower (approximately 2.5 -3-fold) when compared to Atg6 +/+ pups 329 born to ZIKV-R103451-infected dams (Fig. 3D) . Surprisingly, RNA expression levels of the 330 microcephalic genes MCPH1, ASPM, CASC5, and WDR62 were also decreased in brains removed 331 from Atg6 +/+ and Atg6 +/pups born to ZIKV-MR766 and ZIKV-PRVABC59-infected dams (data not 332 shown), despite no growth abnormalities among these pups, suggesting that overt growth impairment 333 detected in ZIKV-R103451 exposed pups may not be exclusively linked to changes in microcephalic 334 genes. Overall, the data shows a decrease in the expression of growth factors with visible signs of 335 necrotic neurons in brain recovered from Atg6 +/pups; these factors may or may not be associated 336 with the observed morphological abnormalities. 339 Since glial cells are the most abundant cell types in the brain and the principal cell types involved in 340 the release of neuroinflammatory molecules, they are frequently considered the culprit in many viral 341 pathologies (24-26). To this end, mixed glia (astrocytes and microglia) isolated from whole brain of 342 either Atg6 +/+ or Atg6 +/pups, as described previously (15), were infected with ZIKV at an MOI of 343 0.1. Mixed glial cultures were permissive to infection with ZIKV (R103451, PRVABC59, MR766), 344 albeit more level of infection was detected in Atg6 +/glia infected with ZIKV-R103451. Fig. 4A,   345 shows a representative image of glia derived from Atg6 +/+ and Atg6 +/pups infected with ZIKV after 346 24-hours, followed by immunofluorescent labeling with the antibody against GFAP (red), ZIKV NS1 347 (green) and DAPI nucleus (blue). Viral infection and PFU were analyzed by plaque assays (Fig. 4B:   348 top panel) using supernatants collected at various time-points post-infection (Fig. 4B; bottom panel) . 349 Next, the secretion of inflammatory molecules was measured by ELISA using supernatant from non-350 infected (media) and ZIKV-infected glia. Infection with ZIKV-MR766 and ZIKV-R103451 and to a 351 lesser extend ZIKV-PRVABC59 caused a significant increase in RANTES, MCP-1 and IL-6 at 24-352 hours that was still detected after 48-and 72-hours post-infection ( Fig. 4C) . At twenty-four-hours 353 post-infection with ZIKV-R103451, secretion of RANTES was increased by a 2.5-fold, MCP-1 was 354 increased by a 1.4-fold, and IL-6 was increased by 1.6-fold in supernatant derived from Atg6 +/-355 infected glial cells when compared to glia derived from Atg6 +/+ pups (Fig. 4C) . More importantly, the 356 secretion of MCP-1 in supernatant from Atg6 +/glia infected with ZIKV-R103451 remained high 357 throughout the duration of the experiment (Fig. 4C) . Since we were able to detect NS1 and E 358 proteins, in the absence of viral RNA, we posit that expression of these proteins might be the In this study, we reported for the first time that three different phylogenetic strains of ZIKV infects 374 timed-pregnant Beclin1-deficient (Atg6 +/-) and wild-type (Atg6 +/+ ) mouse model (Fig. 1) . Impact of 375 ZIKV infection on dams were detected at E13 in serum and at E17 in placenta and in other organs 376 removed postmortem with limited viral RNA detected in the brain, despite the use of anti-IFNAR1 377 mAb (Fig. 1) . Low RNA detection in the brain is not unusual, since a report by Cao et. al 2017, also 378 reported low levels of viral titers (in the range of 10-100 FFU equivalent/g) in fetal brain (29). Except 379 for one pup born to a ZIKV-PRVABC59-infected dam, no significant growth abnormalities were 380 measured in pups born to dams infected with ZIKV-PRVABC59 irrespective of murine strains. This 381 finding was unexpected, since the Honduran and the Puerto Rican strains of ZIKV arose from the 382 same 2015 outbreak. Placenta recovered from postmortem dams infected with the Honduran strain of 383 ZIKV showed higher viral RNA levels when compared to the placenta recovered from the ZIKV-384 PRVABC59-infected dams (Fig. 1) . The low level of placental infection detected in the PRVABC59-385 13 infected dams could have contributed to the lack of phenotypic abnormalities detected in the pups.
338
Beclin1 deficiency exacerbates secretion of inflammatory molecules in ZIKV-infected glia in vitro
386
On the contrary, 30% of pups heterozygous for the Atg6 gene born to ZIKV-R103451-infected dams 387 showed growth impairment (Fig. 2) . No evidence of viral RNA was detected in 3-week-old pups, 388 despite evidence of growth impairment (Fig. 2) . A lack in viral RNA detection may indicate the 389 absence of virions or low RNA detection limit by the RT-PCR but also, it should be reminded that 390 pups did not receive IFNAR mAb postnatal and this could account for the lack of viral detection, as 391 the normal immune system of the pups may have effectively suppressed viral RNA below the limit of 392 quantification. It is not unexpected that only viral proteins, but not viral RNA was detected. In fact, 393 in a panel of patient sera infected with DENV, the NS1 protein was detected even in the absence of brains of Atg6 +/but not in Atg6 +/+ pups born to mock-exposed dams while expression levels of 419 14 MCPH1, ASPM, WDR62, and CASC5 were reduced in the brains of Atg6 +/and Atg6 +/+ pups born 420 to ZIKV-exposed dams, irrespective of viral strain (Fig. 3 ). Reduction in Beclin1 or impaired 421 autophagy enhanced ZIKV-R103451 (but not other strains)-mediated pathology in in-utero exposed 422 pups; suggesting a ZIKV strain specific effect of autophagy pathway in associated pathologies.
423
Beclin1 and the ultraviolet irradiation resistance-associated gene (UVRAG) are involved in both 424 autophagy and centrosome stability and linked to ZIKV mediated microcephaly (36, 37), while the 425 recently identified MCPH18, a phosphatidylinositol 3-phosphate-binding protein, functions as a 426 scaffold protein for autophagic removal of aggregated protein; suggesting a potential link of 427 autophagy in the development of primary microcephaly (38). Autophagy is a common pathway 428 involved in regulating the replication of ZIKV as well as other viral-infections in cells of the central 429 nervous system (13, 17, (39) (40) (41) (42) (43) . In a related studies published by others, an autophagy-deficient 430 animal model lacking the Atg16L gene showed restricted ZIKV infection in placenta, with reduced 431 ZIKV-mediated placental damage and reduced adverse fetal outcomes (44). Reduction of ATG16L1 432 expression levels in pregnant dams or placental trophoblastic cells showed limited ZIKV burden 433 which contradicts our current studies, as we did not detect a decrease in ZIKV infection in dams using 434 an autophagy-deficient animal model heterozygous for the Atg6 gene. Although speculative, the 435 discrepancy between ATG16L1 and ATG6 knock down (used in our studies) may relate to the 436 differential role of the specific protein in the autophagy pathway and how specific steps in autophagy 437 influence the life cycle and pathology of ZIKV.
438
As for our findings, further studies including gene silencing and protein overexpression are needed to 439 better understand and decipher the cause and effect of the microcephalic genes in our animal model.
440
Alternatively, the low expression of IGF-1 detected in postmortem brains of pups heterozygous for 441 the Atg6 gene born to ZIKV-R103451-infected dams may have triggered neuronal injury and 442 subsequently downregulated the microcephalic genes. The IGF system plays a central role in 443 hormonal growth regulation and is responsible for normal fetal and postnatal growth. For more than 444 30-years, IGF has been available as a replacement therapy in growth hormone-deficient patients and 445 for the stimulation of growth in patients with short stature of various causes (45). In a case study, a 446 disruption of the IGF system in patient was associated with microcephaly, growth retardation, and 447 intellectual disability (46) . Using a mice model with IGF-1 gene knockout, animal presented with 448 microcephaly and demyelination in the whole brain (47), whereas overexpression of IGF-1 was 449 shown to cause macrocephaly. The concentrations of IGF-1 in the cerebral spinal fluid have been 450 correlated with brain growth in autistic children (48, 49) while low values of IGF-1 have been 451 reported in a number of serious neurologic diseases of children (50). Since levels of IGF-1 was 452 significantly reduced in Atg6 +/brain recovered in pups at 3 weeks of age (Fig. 3C ), this may be 453 another underlying factor associated with the phenotype detected in our in vivo infectious model 454 while autophagy is required for proper functionality (51, 52).
455
As noted above, a lack of viral RNA was detected in postmortem brains recovered in 3-week-456 old pups, which led to subsequent in vitro studies, to determine the significance of the secreted 457 proteins in the pathology of ZIKV. Presence of viral proteins in the central nervous system can cause 458 neuroinflammation, glial dysfunction, excitotoxicity, and neuronal death (17, 53) . Glia have been 459 found to play key roles in neuroinflammation, and although this is a normal and necessary process, 460 emerging evidence in animal models suggests that sustained inflammatory responses by glia can 461 contribute to disease progression (54, 55) and possibly considered as a general underlying factor 462 associated with the phenotype detected in our in vivo infectious model. Although the in vitro data 463 does not necessarily support the causal factors detected in the in vivo studies, the in vitro data does 464 confirm that our mouse model can be infected with three isolates of ZIKV and that attenuated Beclin1 465 is associated with an increase in viral replication (Fig. 4B ) which correlated with an increase in viral-466 induced chemokine ( Fig. 4C ) and viral protein-induced cytokine secretion (Fig. 4D ).
467
In summary, we showed (i) infectivity of three different ZIKV isotypes using a conventional 468 mouse model and (ii) we showed growth impairment in Beclin1-deficient pups exposed to ZKIV-469 R103451 in utero without detection of viral RNA in pups; suggesting that while ZIKV itself can 
